The serotonin transporter gene-linked polymorphic region (5-HTTLPR) and cortisol stress reactivity: a meta-analysis R Miller, M Wankerl, T Stalder, C Kirschbaum and N Alexander Recent meta-analyses have stimulated an active debate on whether the serotonin transporter gene-linked polymorphic region (5-HTTLPR) is associated with an elevated vulnerability to psychiatric diseases upon exposure to environmental adversity. As a potential mechanism explaining genotype-dependent differences in stress sensitivity, altered stress-induced activation of the hypothalamus-pituitary-adrenal (HPA) axis has been investigated in several experimental studies, with most of these studies comprising small samples. We evaluated the association of 5-HTTLPR genotype and cortisol reactivity to acute psychosocial stress by applying a meta-analytical technique based on eleven relevant data sets (total N ¼ 1686), which were identified through a systematic literature search up to October 2011. This meta-analysis indicates a small (d ¼ 0.27), but significant association between 5-HTTLPR genotype and HPA-axis reactivity to acute psychosocial stress with homozygous carriers of the S allele displaying increased cortisol reactivity compared with individuals with the S/L and L/L genotype. The latter association was not further moderated by participants' age, sex or the type of stressor. Formal testing revealed no evidence for a substantial selection or publication bias. Our meta-analytical results are consistent with a wide variety of experimental studies indicating a significant association between 5-HTTLPR genotype and intermediate phenotypes related to stress sensitivity. Future studies are needed to clarify the consistency of this effect and to further explore whether altered HPA-axis stress reactivity reflects a potential biological mechanism conveying an elevated risk for the development of stress-related disorders in S allele carriers.
INTRODUCTION
During the past years, a substantial amount of studies have been conducted on gene-environment (G Â E) interaction effects in the context of stress-related psychiatric disorders. Of the many candidate gene variants studied, a prominent example has been a prospective longitudinal study by Caspi et al., 1 indicating genetic variation in the promoter region (5-HTTLPR) of the serotonin transporter gene to moderate the association between life stress and depression. This 43 bp insertion/deletion polymorphism presumably influences the transcription rate of the serotonin transporter (5-HTT) gene with the short (S) allele being transcriptionally less efficient than the long (L) allele, 2, 3 even though recent studies suggest a more complex mechanism to mediate long-term effects of 5-HTTLPR on serotonergic neurotransmission. 4, 5 Regardless of the precise molecular mechanism, accumulating evidence suggests an increased vulnerability to depression in carriers of at least one S allele with a significant history of aversive life events. 6, 7 Recent meta-analyses stimulated an active debate regarding the latter association, by either supporting 8 or providing no evidence 9, 10 for significant G Â E interaction. As a consequence of this ongoing controversy, experimental studies addressing biological quantitative traits underlying elevated stress sensitivity in S allele carriers become increasingly important. 11 In particular, altered stress-induced activation of the hypothalamus-pituitaryadrenal (HPA) axis has been discussed as a potential intermediate phenotype (or 'endophenotype'), possibly conveying an increased risk for depression as a function of 5-HTTLPR genotype. 12, 13 Consequently, several experimental studies have investigated the association between 5-HTTLPR genotype and HPA-axis reactivity to standardized laboratory stressors in healthy individuals. [14] [15] [16] [17] [18] [19] [20] [21] [22] The biological rationale for these association studies derives from an extensive literature documenting the important role of serotonergic neurotransmission in HPA axis regulation. 23, 24 As a result of the above-mentioned studies, individuals carrying two copies of the S allele have been repeatedly shown to exhibit elevated cortisol secretion in response to acute psychosocial stress, [14] [15] [16] thereby pointing to a neuroendocrine correlate of elevated stress sensitivity within these individuals. However, several studies could not replicate these initial findings [17] [18] [19] [20] [21] or have reported effects in the opposite direction. 22 As most of these experimental studies comprised small sample sizes and effects of single genetic variants are inherently small, 25 we consider a meta-analytic approach a significant contribution to this field of research. Based on above-reviewed findings and their potential implications for the understanding of biological pathways conveying disease risk, we aimed to evaluate the association between 5-HTTLPR genotype and HPA-axis reactivity to acute stress as well as the magnitude of this relationship by applying a meta-analytic technique. Moreover, we performed a formal testing for evidence of publication bias and explored potential moderating influences of participants' age and sex.
MATERIALS AND METHODS

Search strategy and selection of studies
Potential studies were identified via the PubMed and PsycINFO databases up to October 2011 using the search terms 'stress', 'HPA-axis', 'cortisol', '5-HTTLPR' and '5-HTT' by independent reviewers (RM and NA). Bibliographies and citations of the retrieved studies were also reviewed. We further contacted research groups known to investigate associations of genetic polymorphisms with HPA-axis reactivity to identify additional studies in press, under review or relevant unpublished data. We considered all English language studies published until October 2011 on the relationship between 5-HTTLPR and HPA-axis reactivity comprising either single-sex or both male and female participants of any ethnic origin and age from a healthy population. We further refined this data set by selecting studies that met the following inclusion criteria: (a) induction of significant cortisol responses by means of standardized laboratory stressors, (b) application of a psychosocial stressor (no physiological or pharmacological challenges), (c) measurement of cortisol at baseline and during the experimental procedure (including at least a pre-and post stressor sample) and (d) assessment of salivary free cortisol concentrations as a reliable measure of biologically active cortisol. 26, 27 Furthermore, studies were excluded if reported data were part of a larger study already included in this analysis.
These criteria led to the exclusion of six potentially relevant studies. Specifically, we excluded two studies reporting data on cortisol reactivity to a physiological stressor 28 and a nonstandardized naturalistic stressor. 29 Further, one study was excluded for the experimental stress protocol failed to induce significant increases in cortisol within the overall sample. 30 Two studies 22, 31 reported data from overlapping samples, thus only one 22 entry was used for this meta-analysis. Finally, one study 32 was excluded as it assessed changes in total blood cortisol, which does not constitute a comparable measure to free salivary cortisol concentrations as it comprises both bound and unbound fractions of circulating hormones. 27 This selection procedure reduced the final set size to N ¼ 11 samples from eight published studies of independent research groups and one unpublished study.
Data extraction and preparation
For each study, the following information was extracted: (a) bibliography: author(s), year of publication; (b) method: country of origin, ancestry of sample, sample size, mean age, male/female ratio, Hardy-Weinberg equilibrium, applied stress paradigm and utilized assay; and (c) data: mean and s.d. of baseline and peak natural log-transformed salivary cortisol concentrations in response to the stressor separated for S/S, S/L and L/L individuals.
A commonly applied meta-analytical practice is to extract or reconstruct central stochastic moments to enable the calculation of effect sizes. This procedure is feasible when the central moments characterize the distribution of an outcome variable sufficiently. The latter criterion is only met in case of normally distributed data. 33 However, cortisol data are in most cases strongly positively skewed. Thus, we requested the central moments of the natural log-transformed cortisol values from the authors of the final study set. All researchers provided data suitable for further analyses. The principle outcome measures were mean and s.d. of logtransformed salivary cortisol concentrations of pre-stressor (baseline) and post-stressor sampling points (highest value within the obtained time series) separated by 5-HTTLPR genotypes. This outcome measure is considered most appropriate for this meta-analysis, as the studies included significantly differed regarding the number of cortisol samples assessed throughout the experimental procedure. This resulted in 2 Â 32 genotypespecific samples being nested within the 11 selected study samples (the 32 genotype-specific samples result from 8 independent studies reporting data on 3 genotype groups with one of these studies comprising 3 different cohorts 22 and 1 study reporting data on 2 genotype groups (SS and LL) because of selective recruitment. 20 ).
Analytical methods
All analyses were performed using the metaphor-package 34 with R 2.15.0 statistical software, 35 by applying restricted maximum-likelihood estimation. We adopted a well-established approach for meta-analysis applied in the field of genetic association studies. 36 A major problem with meta-analysis on single genetic variants is that different underlying genetic models have been applied for data analysis. 36 Moreover, previous association studies have suggested dominant, co-dominant and recessive models of the 5-HTTLPR S allele without a clear consensus. 6 To overcome this problem, we compared both possible allele groups separately by aggregating samples according to an S recessive (model 1: SS versus SL/LL), and an S dominant (model 2: LL versus SS/SL) model. In addition, we further tested for a linear/additive association of 5-HTTLPR and cortisol stress reactivity, assuming a genetic dose model of the S allele.
We initially started with random-effects meta-regression models, which assume that between-study variation is due to both random variation and individual study heterogeneity. This random effects framework is more conservative than fixed effects models and enables inferences on the presence of effects beyond the set of included studies. 37 All modeling procedures were applied to standardized mean differences scaled in s.d. (Cohen's d).
The interaction between 5-HTTLPR and cortisol reactivity was evaluated by fitting meta-regression models to effect sizes appropriate for independent groups pre-test post-test designs. 38, 39 Effect sizes (formula 1) and sampling variances (formula 2) were calculated as presented above with k denoting study, i denoting each element of a set of two contrasted genotype groups G k and c representing the bias function. 40 Between-study heterogeneity was evaluated using Cochran's Q-tests. 40 Next, we aimed to explore potential moderators in case of a sufficient number of available studies to conduct meaningful analyses. As participants' sex, age and the experimental stress protocol are known to influence HPA-axis activity, [41] [42] [43] these variables were incorporated as moderators within a mixed-effects framework. S.e. of estimates were adjusted according to Knapp and Hartung. 44 To check for publication or selection bias, we constructed funnel plots of calculated effect sizes 45 and tested them for asymmetry by Egger's test. 46 Sensitivity of the obtained results for bias was further tested by means of the trim-and-fill method. 47, 48 Finally, we conducted post-hoc power analyses via Monte Carlo simulations by sampling from multivariate normal distributions comprising the parameters revealed by this meta-analysis and aggregating the corresponding interaction contrast statistics.
RESULTS
Description of studies
The characteristics of the 11 studies included in this meta-analysis, which comprise a total sample of 1686 participants (S/S ¼ 355, S/L ¼ 787 and L/L ¼ 544), are presented in Table 1 . All studies report 5-HTTLPR genotype frequencies that did not significantly deviate from Hardy-Weinberg equilibrium, except of one study where participants were selectively recruited according to 5-HTTLPR genotype. 20 All samples with the exception of a multi-ethnic sample 16 comprised Caucasian participants only. With two exceptions, 15, 17 all studies reported data on mixed-sex samples and comprised a wide age range, thus allowing to address sex and age as potential moderators in this meta-analysis. The final column of Table 1 depicts whether the study reports a significant association between 5-HTTLPR and HPA-axis reactivity.
Meta-analysis
This meta-analysis revealed no significant differences in baseline cortisol levels as a function of 5-HTTLPR either when individuals were aggregated according to an S recessive (m 1.base ¼ 0.04; 95% confidence interval (CI) À 0.07, 0.15; P ¼ 0.43) or an S dominant (m 2.base ¼ 0.03; 95% CI À 0.08, 0.14; P ¼ 0.56) model. The random effects meta-regression model revealed a significant association between 5-HTTLPR and HPA-axis reactivity to acute psychosocial stress, however, the estimated effect size was small (d ¼ 0.27). Specifically, individuals homozygous for the S allele were characterized by a significantly elevated cortisol response as compared with carriers of at least one L allele (m 1.resp ¼ 0.27; 95% CI: 0.07, 0.48; Po0.05). Figure 1 presents a plot of effect sizes by 5-HTTLPR genotype according to a recessive model of the S allele for the individual studies included in this meta-analysis. Conversely, no significant genotype dependent differences in cortisol reactivity were observed when individuals were aggregated according to an S dominant model (m 2.resp ¼ 0.07; 95% CI: À 0.05, 0.18; P ¼ 0.22). A recessive model of the S allele was further supported by subsequent bivariate comparisons revealing a marginally significant higher cortisol reactivity in SS versus SL individuals (m SS ¼ 0.32; 95% CI: À 0.03, 0.67; P ¼ 0.07), whereas no difference was observed between LL versus SL subjects (m LL ¼ 0.03; 95% CI: À 0.11, 0.17; P ¼ 0.67). In addition, we further tested whether the association between 5-HTTLPR and cortisol reactivity is better described by a linear/additive model. Again, result revealed a recessive model of the S allele to provide a better fit for this data, as only a marginally significant association appeared when applying a genetic dose model (m b ¼ 0.05; 95% CI: 0.00, 0.11; P ¼ 0.06).
Furthermore, this meta-analysis revealed no significant between-study heterogeneity regarding the interaction of 5-HTTLPR and cortisol stress reactivity (S recessive model: w Moderator analyses Despite the lack of significant between-study heterogeneity, we conducted further analyses to check for potential moderators of the association between 5-HTTLPR and cortisol stress reactivity (proceeding from an S recessive model). The data set included allowed a meaningful moderator analysis for participants' age, sex and the experimental stress protocol applied (Trier Social Stress Test versus other protocols). Incorporating these moderators within a mixed-effects framework, the metaregression revealed none of the above-mentioned variables to significantly account for variance across studies ( Table 2 ). The random-effects reference model accounted similarly well for the data as compared with all mixed-effects moderation models (all P-values4.40).
Sensitivity analysis. As the decision to publish research findings as well as the study selection within a meta-analytical context are often subject to bias, contour-enhanced funnel plots were constructed and tested for asymmetry (Figure 2 ). Neither visual inspection nor Egger's test (t 1 (9) ¼ 0.72, P ¼ 0.49; t 2 (9) ¼ À 0.84, P ¼ 0.42) suggested a severe publication or selection bias, which appears consistent with the outcome variability observed across the studies included in our meta-analysis. Nevertheless, we further applied the trim-and-fill method to account for a slight left-sided asymmetry. Imputing one study reduced the estimated effect size (assuming an S recessive model) to a minimal extent, but increased confidence for rejecting the null hypothesis (m 1a.resp ¼ 0.26; 95% CI: 0.09, 0.43; Po0.01). Omitting the study of Way and Taylor 16 as their sample was of mixed ancestry did not change the Statistical power Monte carlo power simulation (10000 sample draws) revealed that conditional on an allele frequency of B60% in a predominately Caucasian population, 3 testing for significant interaction between 5-HTTLPR genotype and cortisol increase over time (baseline to peak; r ¼ 0.5, d ¼ 0.27) would require a sample of B968 participants to achieve a power of 80% (Figure 3a) . However, Monte Carlo power analysis revealed a substantial increase in power when participants were selectively recruited according to 5-HTTLPR genotype (equal number of S/S and L/L), thus reducing the required sample to B424 participants (d ¼ 0.27) to achieve a power of 80% (Figure 3b) .
DISCUSSION
This meta-analysis revealed a significant association between 5-HTTLPR genotype and HPA-axis reactivity to acute psychosocial stress. Specifically, individuals homozygous for the S allele were characterized by an increased cortisol secretion in response to challenge compared with individuals with the S/L and L/L genotype. Although visual inspection and formal testing suggested no evidence for a severe publication or selection bias, the possibility of a small bias still exists as Egger's test is considered a weak statistical method to detect such an effect in case of a small number of studies with similar sample sizes. Our meta-analytic results are consistent with animal research demonstrating exaggerated HPA-axis responses to stress in mice with targeted disruption of the serotonin transporter (5-HTT) gene. 49, 50 Furthermore, this meta-analysis complements the wide variety of experimental human studies documenting significant associations between 5-HTTLPR and intermediate processes related to stress sensitivity, which have been recently summarized in comprehensive reviews. 11, 51 These findings along with the current results lend support to the notion that the S allele is associated with an increased sensitivity to stressful environmental conditions, thereby possibly conveying elevated vulnerability to psychiatric diseases. Although recent metaanalyses provide inconsistent results regarding the latter assumption, [8] [9] [10] interindividual variation in HPA-axis reactivity as a function 5-HTTLPR at least hints toward a potential mechanism underlying this association. In line with this, altered HPA-axis reactivity has been discussed as a promising endophenotype in the context of major depression 12, 13 for it appears to be partly heritable, 52, 53 temporally stable 54 and has been observed in depressed patients [55] [56] [57] and their non-affected relatives. 58 Despite the fact that HPA-axis hyper-reactivity represents a correlate or even causal factor for a wide variety of physical and psychological diseases, 59 it also has to be recognized as a fundamental adaptive process preparing the organism to cope with environmental challenges. 60 Against this background, the question whether increased HPA-axis reactivity in S allele carriers constitutes either a risk or a resilience factor presumably depends on the individuals' specific environmental conditions and has to be differently evaluated for specific short-and long-term outcomes. The latter perspective supports the recently proposed assumption that a common genetic variant associated with disease risk is only maintained throughout evolution with such persistence if it holds the potential for compensatory beneficial effects. 51 Although extensive literature documents profound influences of serotonergic neurotransmission on HPA-axis regulation, 23 ,24 the precise mechanisms mediating the association of 5-HTTLPR and Table 2 . Effect sizes (b) and CIs of isolated and joint influences of potential moderators of the association between 5-HTTLPR genotype and cortisol reactivity as determined by four different meta-regression models.
Model-specific parameter properties
Test of moderators cortisol responsivity remain largely unexplored. Animal research implies that mechanistic pathways may go far beyond acute effects of 5-HTTLPR on extracellular serotonin levels, but more likely involve persistent alterations in neural development of cortico-limbic circuits known to modulate HPA-axis activity. 61, 62 Furthermore, epigenetic modifications are considered a promising mechanism, given that serotonergic signaling has been shown to mediate prenatal 'programming' of the developing HPA-axis through changes in DNA methylation patterns of HPA-axis relevant genes. 62, 63 However, exploring potential mechanisms is further complicated by recent imaging studies indicating that 5-HTTLPR genotype might not be associated with stable alterations of 5-HTT density 5, 64 as initially assumed. Alternatively, S allele carriers have been suggested to show more dynamic changes of 5-HTT availability in response to environmental cues, 65 implicating that gene-environment interaction might already work at the very early level of gene expression. Future studies are needed to elucidate the precise functional consequences of 5-HTTLPR genotype to further explore neurodevelopmental and epigenetic mechanisms conveying stable changes of HPA-axis regulation.
As a second major outcome, this meta-analysis revealed that although significant, the effect size for the association of 5-HTTLPR and HPA-axis reactivity appeared to be small. This finding opposes the assumption that increased effects sizes of single genetic variants can be generally observed when intermediate phenotype measures such as endocrine response patterns are assessed compared with complex behavioral phenotypes. 36 Based on the pooled effect size estimates, Monte Carlo power analysis suggests that any given study on a random population sample would require at least 785 participants to achieve 80% power in order to detect an association of small effect size (d ¼ 0.30) between 5-HTTLPR and cortisol stress reactivity. However, such power can also be reached with B354 participants selectively recruited according to 5-HTTLPR in order to allow comparison of an equal number of S/S and L/L subjects, which has become an increasingly common approach. In conclusion, our post hoc power analysis suggests that even the largest study to date 18 was underpowered to detect the small effect revealed by this meta-analysis. This further highlights the usefulness of meta-analytical approaches in the field of experimental genetic association studies, which usually comprise small samples due to their time-consuming nature.
In contrast to our findings, a medium effect size has been reported in meta-analyses on single genetic variants and amygdala reactivity to aversive stimuli, 36, 66 indicating penetrance of genetic variants to be especially high (but also see Murphy et al 67 ) for neural response patterns. Considering neurodevelopmental effects as potential mechanisms underlying the associations between 5-HTTLPR and HPA-axis reactivity, it might be speculated that neural intermediate phenotypes are more directly linked to the individuals' genotype, whereas cortisol release reflects a more 'downstream' measure of stress sensitivity. Supporting this notion, several studies on 5-HTT knock-out mice 50, 68 and rhesus monkeys 69 indicate that the association between altered 5-HTT functioning and endocrine stress reactivity appears to be more robust for adrenocorticotropic hormone levels, a more 'upstream' measure of HPA-axis reactivity.
Despite the small effects size of the association between 5-HTTLPR and cortisol reactivity suggested by this meta-analysis, it appears likely that stronger effects might be observed in specific populations or when gene-gene and gene-environment interaction is taken into account. Although our meta-analysis revealed no evidence for moderating effects of age and sex, other potential moderators could not be addressed due to the small number of available studies. Among them, sample ancestry has been repeatedly identified as a potential moderator in genetic association studies of 5-HTTLPR, 70 although removal of the only multi-ethnic study 16 did not substantially alter this meta-analytical results. Moreover, the magnitude of the observed association may further be modulated by other functional polymorphism within the 5-HTT gene (for example, rs25531 71 or by other genetic variants, which have been associated with altered HPA-axis activity 72 ). Furthermore, the association between 5-HTTLPR genotype and HPA-axis reactivity might be more evident under stressful environmental conditions, as suggested by initial studies in humans 17, 22 and rhesus monkeys. 69, 73 Against the background of the current discussion on G Â E interaction in major depression, a meta-analytical evaluation of 5-HTTLPR Â environmental adversity interaction on cortisol stress reactivity would be of great interest. Unfortunately, information on life events is only available from four study samples 17, 22 and above all has been obtained with different measures comprising different types of stressors, which prevents a meaningful analysis based on this data set.
When evaluating the findings of this meta-analysis, several limitations have to be taken into account. First, our meta-analysis is based on a relatively small number of data sets from a limited number of research groups. Second, the question whether the strength of the association between 5-HTTLPR and cortisol stress responses varies across different age groups, as it has been suggested by initial findings, 22 should be re-evaluated once more data becomes available from specific age groups, who are underrepresented in the current data set (especially children and older adults). In conclusion, this study is the first to provide a meta-analytical evaluation of the association between 5-HTTLPR genotype with HPA-axis reactivity to acute psychosocial stress and thus contributes to the current debate on potential mechanisms mediating vulnerability for the development of psychiatric disorders as a function of 5-HTTLPR genotype.
